Abstract. Aerosol variations and trends over different land and ocean regions from 1980 to 2009 are analyzed with the Goddard Chemistry Aerosol Radiation and Transport (GO-CART) model and observations from multiple satellite sensors and available ground-based networks. Excluding time periods with large volcanic influence, aerosol optical depth (AOD) and surface concentration over polluted land regions generally vary with anthropogenic emissions, but the magnitude of this association can be dampened by the presence of natural aerosols, especially dust. Over the 30-year period in this study, the largest reduction in aerosol levels occurs over Europe, where AOD has decreased by 40-60 % on average and surface sulfate concentrations have declined by a factor of up to 3-4. In contrast, East Asia and South Asia show AOD increases, but the relatively high level of dust aerosols in Asia reduces the correlation between AOD and pollutant emission trends. Over major dust source regions, model analysis indicates that the change of dust emissions over the Sahara and Sahel has been predominantly driven by the change of near-surface wind speed, but over Central Asia it has been largely influenced by the change of the surface wetness. The decreasing dust trend in the North African dust outflow region of the tropical North Atlantic and the receptor sites of Barbados and Miami is closely associated with an increase of the sea surface temperature in the North Atlantic. This temperature increase may drive the decrease of the wind velocity over North Africa, which reduces the dust emission, and the increase of precipitation over the tropical North Atlantic, which enhances dust removal during transport. Despite significant trends over some major continental source regions, the model-calculated global annual average AOD shows little change over land and ocean in the past three decades, because opposite trends in different land regions cancel each other out in the global average, and changes over large open oceans are negligible. This highlights the necessity for regional-scale 
Introduction
Aerosols affect earth's energy budget by scattering and absorbing solar and terrestrial radiation and by altering cloud properties and lifetimes. They also influence weather, air quality, atmospheric chemistry, and biogeochemical cycles. Anthropogenic activities have caused considerable changes in aerosol composition and loading, and will continue to do so in the future (e.g., Leibensperger et al., 2012; Sillmann et al., 2013) . Historical emission inventories have estimated that trends in anthropogenic emission are closely tied to economic growth, population density, and technological development, which may explain the regional aerosol variability shown in the long-term satellite data records. Furthermore, long-term trends in observed surface solar radiation generally mirror aerosol emission trends (e.g., Streets et al., 2006) , implying a link between aerosol forcing and solar "dimming" and "brightening". Understanding the cause of aerosol trends in terms of human activities or natural variability is key to projecting the earth system's response to future changes.
Satellite observations of global aerosol distributions started over three decades ago with the Total Ozone Mapping Spectrometer (TOMS) and Advanced Very High Resolution Radiometer (AVHRR). Although these instruments were not specifically designed to measure aerosols, thus having limited accuracy and retrievable information, they provide a long-term perspective on changes over different regions of the world. More recent satellite sensors, such as the Seaviewing Wide Field-of-view Sensor (SeaWiFS), the Moderate Resolution Imaging and Spectroradiometer (MODIS), and the Multiangle Imaging Spectroradiometer (MISR) instruments included on the Earth Observing System (EOS) satellites have an improved accuracy and enhanced capability to retrieve aerosol amount, distribution, and physical/optical properties. Although the EOS data records are not long enough to derive multi-decadal trends, they can be compared with AVHRR and TOMS for the overlapping time periods in order to assess their consistency. At this time, however, it is still difficult to unambiguously determine the origin and composition of aerosols using satellite data alone.
Complementing global satellite observations are several ground-based networks monitoring the changes of aerosols in the past decades. They include aerosol optical depth (AOD) measurements from the world-wide Aerosol Robotic Network (AERONET, Holben et al., 1998 Holben et al., , 2001 ) and surface concentration measurements of aerosol species from several coordinated networks, such as the Interagency Monitoring of Protected Visual Environments (IMPROVE, Malm et al., 1994 , 2003 over the United States, the European Monitoring and Evaluation Programme (EMEP) network over Europe (http://www.emep.int/), the University of Miami's measurement program at sites over several oceanic islands (e.g., Prospero, 1999; Prospero and Lamb, 2003; Savoie et al., 2002) , and measurements over several Arctic sites (Quinn et al., 2007 (Quinn et al., , 2008 that were used in the Arctic Monitoring and Assessment Program. Although spatial and/or temporal coverage of these data are limited, they provide more detailed information on aerosol properties, long-term variations, and/or measurement accuracy for satellite and model validation.
Numerous studies have assessed aerosol trends over various spatial domains and time periods. For example, Luo et al. (2001) estimated AOD changes based on the solar radiation data over 46 stations in China and found a significant AOD increase from 1976 to 1990. Massie et al. (2004) used the wintertime TOMS AOD over Asia as a proxy for anthropogenic AOD and found a 17 % increase per decade between 1979 and 2000 over the coastal plains in China and the Ganges River basin in India. The analyses of MISR (Dey and Di Girolamo, 2011) , MODIS (Ramachandran et al., 2012) and surface network data (Moorthy et al., 2012) over India showed a statistically significant increase in AOD over many locations between 2000 and 2009, attributed mostly to the increase in anthropogenic aerosols. In contrast, global model simulations (Leibensperger et al., 2012) and IMPROVE measurements over the US (Murphy et al., 2011; Collaud Coen et al., 2013 ) indicated a decreasing trend in aerosol concentrations, extinction, and wet deposition fluxes from 1990 to the 2000s. A similar decrease in AOD was also found over Europe from the late 1980s to the late 2000s based on model simulations and measurements (Chiacchio et al., 2011) . Meanwhile, a decrease in sulfate concentration measured at a site in Israel from the 1980s into the 2000s was linked to the decreasing sulfur emissions in eastern Europe (Karnieli et al., 2009) . Global analysis of satellite data from SeaWiFS between 1997 and 2010 showed a large upward trend in AOD over the Arabian Peninsula as well as an increase over China and India, but a decrease over the US and Europe. Surface sulfate aerosol concentrations over the Arctic have also declined, with the magnitude of the decline dependent on location and time period (Quinn et al., 2007) . The changes over ocean, however, are less clear, and different satellite products seem to disagree on the direction of changes in the past decade (Mishchenko et al., , 2012 Remer et al., 2008; Yu et al., 2009; Thomas et al., 2010; Zhang and Reid, 2010; Hsu et al., 2012; Zhao et al., 2008 Zhao et al., , 2013 . However, "bias-corrected" MODIS and MISR data, which underwent additional processing to remove cloud contamination and correct wind or microphysical effects on AOD retrieval, showed a statistically negligible global-average trend over ocean from 2000 to 2009, as well as regional trends similar to those obtained from groundbased measurements (Zhang and Reid, 2010) .
Expanding from the trend studies mentioned previously, the present study provides a unique, comprehensive synthesis and assessment of aerosol variations over the last three decades in different regions of the globe using a global model analysis and multiple-platform data sets, with the goal of determining the anthropogenic and natural contributions to the multi-decadal changes. We also use the model to examine the relationships between emission, surface concentration, and column AOD, and the factors controlling the long-term variations of dust aerosols. We use the Goddard Chemistry Aerosol Radiation and Transport (GOCART) model, which incorporates aerosol and precursor emissions from fossil fuel/biofuel combustion, biomass burning, and natural sources (volcanoes, deserts, and oceans), and is driven by the meteorological-reanalysis fields, to simulate aerosol distributions from 1980 to 2009. We consider fifteen land and twelve ocean regions in our analysis (regional domains shown in Fig. 1 ; region names and surface areas listed in Table 1 ). The land regions are generally defined according to the geopolitical boundaries of countries or regions to better connect the aerosol changes with regional economic development and environmental policies.
In the rest of this paper, we first describe the GOCART model simulations in Sect. 2 and the long-term observations used in this study in Sect. 3. We show the results of modelto-data comparisons in Sect. 4, addressing global distributions (Sect. 4.1), regional trends in AOD and surface concentrations over selected land (Sect. 4.2) and ocean (Sect. 4.3) areas, and global change patterns (Sect. 4.4), followed by a synopsis of the results (Sect. 4.5). We then discuss in Sect. 5 the relationship between anthropogenic emission and atmospheric burden (Sect. 5.1), the controlling factors of dust change (Sect. 5.2), and the significance of global trends (Sect. 5.3). Conclusions are given in Sect. 6. This is the first part of our analysis of long-term aerosol variations and its environmental effects. It also serves as an introduction and background for other manuscripts currently under preparation that address aerosol effects on surface radiation and source-receptor relationships.
Simulations of aerosols with the GOCART model

GOCART model
The GOCART model has been described in detail in our previous publications (e.g., Chin et al., 2000 Chin et al., , 2002 Chin et al., , 2007 Chin et al., , 2009 Ginoux et al., 2001 Ginoux et al., , 2004 and also in the Supplement (Sect. S1) for the current version. Here, we provide a brief summary to describe recent key updates and also to facilitate the discussion. For the present work, the meteorological fields from the Modern-Era Retrospective Analysis for Research and Applications (MERRA) (Rienecker et al., 2011) , produced with version 5 of the Goddard Earth Observing System Data Assimilation System (GEOS5-DAS), Table 1 . Region description, abbreviation, and surface area of 15 land and 12 ocean regions (domains in Fig. 1 are used with a GOCART configuration at a horizontal resolution of 2.5 longitude by 2 latitude and 72 vertical levels from the surface to 0.01 hPa. Aerosol simulations in GOCART include the major aerosol types of sulfate, dust, black carbon (BC), organic matter (OM) (or organic carbon OC, typically OM = OC ·f with f = 1.4-2.2 in the literature), and sea salt, and the precursor gas species of SO 2 and dimethyl sulfide (DMS). It also contains another natural aerosols species, methanesulfonate (MSA, also known as methanesulfonic acid), which is formed from a branch of DMS oxidation. The model accounts for emissions from fossil fuel and biofuel combustion, biomass burning, volcanic eruptions, vegetation, deserts, and oceans. A recent update includes improvements of dust emissions that consider the seasonal and interannual variability of vegetation coverage (Kim et al., 2013; see Sect. 2 .2) and dust optical properties that are calculated with the T-matrix code (Dubovik et al., 2006) to account for the non-spherical shape of dust particles (Mishchenko et al., 1997) . Land and ocean region domains defined in this study. Region description, abbreviation, and surface area listed in Table 1 . Regions with names in the circles are discussed in the text. Table 2 summarizes the emission data sets used or methods of calculating emissions in the GOCART model, and more detailed information is given in the Supplement. Briefly, emissions of SO 2 , BC, and OC from fossil fuel and biofuel combustion and biomass burning are taken from the emission data set A2-ACCMIP (Diehl et al., 2012) , which is one of the multi-year emission data sets available from the international initiative AeroCom project for its second phase (A2) hindcast model experiments (http://aerocom.met.no). We choose to use this emission data set because of its broad acceptance in modeling communities and extended time coverage. The annually variable A2-ACCMIP biomass burning emissions from 1980 to 2009 are presented in Granier et al. (2011) and Diehl et al. (2012) , and are typically lower than the emission from our previous studies (e.g., Chin et al., 2009 ) by 30-50 % for BC and 0-50 % for OC, depending on vegetation type (Petrenko et al., 2012) . Volcanic SO 2 emissions are taken from a recently compiled database (A2-MAP) that incorporates information from the Smithsonian Institution's Global Volcanism Program (http://www.volcano.si.edu/), the satellite observations of SO 2 from the Total Ozone Mapping Spectrometer (TOMS) and the Ozone Monitoring Instrument (OMI), and ancillary information from other observations reported in the literature. It also includes emissions from quasicontinuously erupting and silently degassing volcanoes (see Diehl et al., 2012 and references therein) . Dust emissions are calculated as a function of surface topography, surface bareness, 10 m wind speed u 10 m , and ground wetness w (Ginoux et al., 2001) . Here w is the fraction of surface area in each model grid cell that is wet (dimensionless, varying between 0 and 1), which is used to calculate the threshold wind velocity for dust emission as well as to serve as a switch such that dust will only be mobilized when w is below a threshold value. A recent update of surface bareness, based on the 8 km Normalized Difference Vegetation Index (NDVI) data from AVHRR at twice-per-month time resolution (Tucker et al., 2005; Brown et al., 2006) , allows seasonal and interannual variation of the surface bareness in semi-arid areas to regulate the dust emission (details in Kim et al., 2013) . Figure 2 shows the emissions from fossil fuel/biofuel combustion, biomass burning, and major natural sources from 1980 to 2009 used in this study (spatial patterns of emissions from different sources are displayed in the Supplement, Fig. S1 ). In addition to global total emissions (black circles on top of grey-shaded area in Fig. 2 ), emissions from several important source regions are also plotted (colored lines). There are large differences among regions in amount emitted and trends. For example, fossil fuel and biofuel sources of SO 2 in USA and Europe (EUR) have decreased by 60 % and 80 %, respectively, from 1980 to 2009, whereas that in East Asia (EAS) and South Asia (SAS) show the opposite trend as the emissions have increased by a factor of 2 in EAS and by more than a factor of 4 in SAS. Emissions of BC and OC from fuel combustion sources display similar regional tendencies, although the magnitude of change is smaller than the SO 2 emissions. Biomass burning emissions, on the other hand, demonstrate considerable interannual and regional variability. The strongest volcanic emission within the 30-year period is from the eruption of Mt. Pinatubo (located in the Philippines) in 1991, which injected about 20 Tg (10 12 g) SO 2 into the stratosphere (e.g., Bluth et al., 1992; McCormick et al., 1995) eruptions during this period include El Chichón (in Mexico) in 1982 and Miyakajima (in Japan) that erupted in summer 2000 and continued for a few years. Sea salt and dust emissions also vary year to year, driven mainly by the 10 m wind speeds but also affected by other surface parameters.
Emissions from 1980 to 2009
Model simulations
Using the model configurations and emissions described in Sects. 2.1 and 2.2, we conducted two 30-year GOCART simulations from 1980 to 2009 (with 6-month spin up): a "standard" simulation that includes all emissions of aerosols and precursor gases, and a "natural" simulation that considers only emissions from natural sources, i.e., deserts, oceans, vegetation, and volcanoes. The differences between the standard and natural runs are attributed to the contributions from fossil fuel/biofuel combustion and biomass burning sources. We refer to these sources collectively as "combustion" sources, or "FF+BB", which are mostly of anthropogenic origin (although a fraction of biomass burning is natural, i.e., triggered by lightning, especially in boreal regions). These model experiments are used to assess the composition and origin of aerosols and their change over the 30-year period covered by this study.
Long-term observations of aerosols
Aerosol data products from remote sensing and in situ measurements, together with associated time periods and measured quantities used in this study are listed in Table 3 , including AOD from six satellite retrievals, AOD from ground-based AERONET measurements, and surface concentration from the IMPROVE, EMEP, and University of Miami networks and the Arctic. All data used in this study are monthly averages, with the AOD data at 550 nm (TOMS at 500 nm). The satellite data are the gridded (i.e., "level 3") products at 1 ⇥ 1 resolution. Brief descriptions of each data set are given below. Additional information on data quality is given in the Supplement (Sect. S2).
AOD from satellite retrievals
Satellite remote sensing of aerosols started more than three decades ago with the TOMS (Hsu et al., 1996; Torres et al., 1998 Torres et al., , 2002 and AVHRR instruments Husar et al., 1997) . Despite limitations in accuracy and retrievable information, these observations provide a long-term perspective on regional aerosol changes over global scales. Several retrieval algorithms have been used to extract AOD from the AVHRR-measured radiation reflected by the atmosphere-surface system (e.g., Stowe et al. Nakajima and Higurashi 1998; Mishchenko et al. 1999 Mishchenko et al. , 2012 Zhao et al., 2008 Zhao et al., , 2013 . In this study, we use two AVHRR AOD data sets, one produced by the NOAA Climate Data Record (CDR) project Zhao et al., 2013 ; referred to as AVHRR-CDR hereafter) and the other from the Global Aerosol Climatology Project (GACP, Mishchenko et al., 2012 , referred to as AVHRR-GACP hereafter), for their improved accuracy over the earlier operational products due to calibration adjustments and retrieval algorithms upgrades. Because of the relatively bright and highly variable land surface reflectance at the visible wavelengths, the AVHRR retrievals have so far been mostly restricted to oceans (e.g., Stowe et al., 1997) . On the other hand, the TOMS aerosol product covers both land and ocean from its UV wavelength detection capability, for which the surface signal reaching the top of the atmosphere is usually small. However, because of the coarse instrument spatial resolution (⇠ 50 km pixel size at nadir), removing cloud contamination for aerosol retrievals is difficult, which has hampered both the aerosol retrieval availability and data quality (see next section), so the uncertainties associated with the TOMS AOD products are relatively large (Torres et al., , 2005 . More recent satellite sensors on board a series of NASA's Earth Observing System (EOS) satellites, launched in the late 1990s or early 2000s, have much improved accuracy and enhanced capability for retrieving aerosol amount, distribution, and physical/optical properties, allowing more reliable assessments of aerosol changes, albeit over a relatively short observation period. They include the SeaWiFS (McLain et al., 1998; Hsu et al., 2004 Hsu et al., , 2012 Sayer et al., 2012) , MISR on the EOS-Terra satellite (Kahn et al., 2009 , and MODIS on both EOS-Terra and EOS-Aqua satellites Tanré et al., 1997; Remer et al., 2005 Remer et al., , 2008 Levy et al., 2010 Levy et al., , 2013 , with aerosol products covering both land and ocean. The MODIS AOD product used here is from a combination of the "dark target" retrieval (collection 5.1) that provides global AOD coverage except over bright desert surfaces (Levy et al., 2010) and the "deep blue" retrieval, which uses the 412 nm channel of MODIS to enable the retrieval of AOD over bright surfaces over land (Hsu et al., 2004) .
For trend analysis, the monthly average, gridded satellite products are further averaged to yield annual mean values. Note that because of the differences in instrument capabilities and swath widths, the spatial and temporal coverage of the data for calculating monthly average can be quite different among the satellite products. For example, MISR's relatively narrow swath (380 km) limits its global coverage to every 9 days at the equator and every 4-5 days at 60 latitude (although its multi-angle capability does capture overocean areas that are in sun glint for single-view instruments), whereas MODIS, with its 6 times-wider swath (2330 km), provides near daily coverage (although still gaps at the equator and sun glint areas over ocean); TOMS has more missing data in partially cloudy scenes than higher resolution instruments due to its larger pixel size. In addition, at high latitudes, the annual mean values of satellite products are biased toward summer months because of the lengthy darkness in the winter months prohibiting AOD retrieval at UV and visible wavelengths.
AOD from AERONET measurements
The AERONET program is a worldwide ground-based sun photometer network (Holben et al., 1998 Eck et al., 1999) that started in the mid-1990s with about a dozen sites and has since grown to include over a few hundred sites (http://aeronet.gsfc.nasa.gov). Because of the direct measurements and unified high standard for instrument calibration, AERONET AOD data are considered as "ground truth" and are widely used for satellite products validation and model evaluations. However, most AERONET sites started AOD measurements in the 2000s and some sites have only short periods of data coverage (e.g., as a part of field experiments); only 15 sites provide relatively long and continuous records from the 1990s to 2009 (Fig. 3 , left panel) that are more appropriate for information on changes beyond the decadal timescale. Here we use data from six such sites (shown in squares in Fig. 3 , left panel) in pollution, dust, and biomass burning source regions to provide complementary information of aerosol trends and to evaluate the model and satellite products.
Surface concentration measurements
Over the past two to three decades, several surface measurement networks were established to continuously monitor aerosol and precursor concentrations. However, these are mostly located in North America and Europe; there are essentially no long-term aerosol concentration measurement networks or monitoring sites in developing countries. In this study we use the surface measurements from: (1) the Interagency Monitoring of Protected Visual Environments (IM-PROVE, Malm et al., 1994 Malm et al., , 2003 network over the US, which routinely measures aerosol chemical composition and aerosol extinction at the surface, mostly in national park areas since 1988; (2) the co-operative program for monitoring and evaluating the long-range transmissions of air pollutants in Europe (EMEP) network, which has collected aerosol data in Europe since the late 1970s with most long-term data limited to the "acidifying" (e.g., sulfur) species; (3) the University of Miami-operated network over several islands in the Pacific, Atlantic, and Southern Ocean locations, mostly from the 1980s to 1990s and a few lasting into the 2000s (e.g., Prospero et al., 1999; Maring et al., 2000; Savoie et al., 2002) , plus a University of Hawaii site at Mauna Loa Observatory with sulfate and MSA data since 1989, and (4) Arctic stations (Quinn et al., 2007 (Quinn et al., , 2008 ; Arctic Monitoring and Assessment Program, http://www.amap.no) with long-term data 
Results
In this section, we assess the aerosol multi-decadal trends and variations in different regions. We show the spatial patterns of global aerosol spatial distributions from multiple satellite data sets and the GOCART model (Sect. 4.1), multi-decadal variations of regional AOD and aerosol surface mass concentrations over land (Sect. 4.2) and ocean (Sect. 4.3), and spatial patterns of AOD change over two time segments during the past 30 years (Sect. 4.4). Because of a large amount of material covered in this section, a synopsis is given at the end (Sect. 4.5).
Global AOD distributions
Global distributions of annual averaged AOD at 550 nm for 2001 from AVHRR-CDR, AVHRR-GACP, TOMS, SeaWiFS, MODIS-Terra, and MISR are displayed in Fig. 4 (row 1-2). The year 2001 was chosen because of all the above satellite data available in that year (TOMS ended after 2001). There are clear similarities among the various satellite data, all showing the highest AOD over land in dust and biomass burning regions in Africa, pollution regions in East China, and over ocean in the continental outflow areas. On the other hand, there are also obvious differences. For example, over land TOMS and MODIS show higher AOD in the western US than the eastern US, whereas SeaWiFS and MISR display the opposite. Over ocean, the annual average AOD is highest from MISR (0.160) and the lowest from SeaWiFS (0.104); AVHRR-GACP shows the strongest spatial gradient and TOMS shows the weakest due to its poorer detection sensitivity to "background" maritime aerosols (O. Torres, personal communication, 2013) . Between the two AVHRR retrievals, AOD from CDR is generally lower than that from GACP in mid-to high latitudes but is higher in the tropics. There is a distinguishable AOD band in the Southern Ocean centered at about 60 S from AVHRR-GACP, MODIS-Terra, and MISR, which is much less visible from AVHRR-CDR and SeaWiFS (TOMS has little coverage beyond 45 S). Although a recent study has attributed this AOD band primarily to the contamination by stratocumulus and low broken cumulus clouds in the MODIS retrieval (Toth et al., 2013) , the AOD over the Southern Ocean is expected to be higher than that over the tropical remote ocean mainly due to strong winds that drive higher sea salt and DMS emissions. Therefore, the band seen in AVHRR-GACP, MODIS-Terra, and MISR seems physically meaningful, although the magnitude is likely biased high because of cloud contamination and/or other artifacts suggested in recent studies (Zhang and Reid, 2010; Toth et al., 2013; Kalashnikova et al., 2013) .
The model results (First panel, last row in Fig. 4 ) capture the high AOD over dust, pollution, and biomass burning regions and the transport of aerosols across the oceans. It also simulates an aerosol band in the Southern Ocean around 60 S, consistent with AVHRR-GACP, MISR, and MODIS, although the magnitude is lower than the satellite retrievals by 0.05 to 0.1, which would be more consistent with the new MODIS product (collection 6) with better detection of thin cirrus clouds and wind-speed correction, resulting in a 0.04-0.12 AOD reduction in the Southern Ocean (Levy et al., 2013). In the tropical oceans the model is much lower than satellite products.
The last two panels in Fig. 4 display the AOD from combustion sources (fossil fuel/biofuel and biomass burning, noted as FF+BB) simulated by the model (middle panel) and estimated based on the MODIS data for 2001. The model results are obtained as the difference between the "standard" and "natural" simulations (see Sect. 2.3), and the MODISbased estimate is derived empirically from the MODIS AOD and fine mode fraction, with corrections to exclude fine mode natural dust and marine aerosols Yu et al., 2009 ). The MODIS-based results are only available over ocean. As expected, the model shows that the combustion AOD is mostly concentrated in the pollution and biomass burning source regions over land, but its influence is wide-spread, extending to the ocean in the Northern Hemisphere and the Arctic, especially over the immediate downwind regions from the continents. The MODIS-based combustion AOD over the ocean shows similar spatial patterns, with higher values over the continental outflow regions than over the open ocean; but it is higher than the model in the tropical ocean areas around Central America and Indonesia, which may be attributed in part to the volcanic aerosol in these areas (which is not considered in the Kaufman-Yu empirical method, see volcanic emission in Fig. S1 ), and/or to the model underestimation of tropical biomass burning emissions (see next section). A relatively high combustion AOD band over the Southern Ocean in the MODIS-based product is most likely an artifact.
To further illuminate the differences among the satellite data and between model and multiple satellites, in Fig. 5 we show the "diversity" of satellite annual mean AOD in 2001 to reveal the degree of agreement among these data sets at different geographic locations (left panel), and the model results that are outside of the bounds of satellite data (right panel). Here the satellite diversity, expressed as percentage, is defined as 1/2 (AOD max AOD min ) / AOD median ⇥ 100 % for all available satellite data points in each 1 ⇥ 1 grid. Note that the availability of satellite data differs among the grid cells (maximum number of data points is 4 over land and 6 over ocean, See Fig. S2 for a map of available data points), but our purpose here is to show the consistency among the available data sets. Satellite data agree best over large deserts (Sahara, Middle East), major biomass burning areas (North Africa savanna, South America, Southeast Asia), northern boreal regions, Indo-Gangetic Plain, and tropical oceans where the diversity are mostly within 20-30 %, but they are apart over large ocean areas in the mid-to high latitudes and over land areas with elevated terrain (e.g., South China, Australia, Chile/southern Argentina, and part of the western US) where the diversity is higher than 50 %. There are also some "hot spots" mostly at high latitudes with extremely high diversity, where the satellite data should be considered highly uncertain.
In light of the diversity in the satellite data, we reveal the disagreement between model and multiple data sets in Fig. 5 (right panel) at location where the modeled AOD is outside of the range of the satellite AOD. The modeled AOD is higher than all satellite data over extended land areas in the Northern Hemisphere, particularly over the "dust belt" region from North Africa to Central Asia, but it is lower than the satellite data over the Tibetan Plateau and Indo-Gangetic Plain as well as in the tropical belt over both land and ocean. This geographic pattern of the model-data difference suggests that the dust in GOCART model is likely to be too high and the biomass burning in the tropical area is too low.
Overall, the GOCART model generally follows the observed patterns for both total and combustion AOD, but falls outside and below the range of the observations in the region dominated by tropical biomass burning and in the tropical oceans, and outside and above the range in dust-dominated regions. Such differences point out the direction for future model improvements, but they do not necessarily compromise the trend analysis in this study.
Multi-decadal aerosol variations over land regions
AOD in pollution, dust, and biomass burning regions
To investigate regional trends, we first compare the AOD time series from satellite retrievals and model simulations over different land regions. Among the regions listed in Table 1 (displayed in Fig. 1 ), we focus our comparisons here on 10 selected land regions, including 4 major pollution source regions of USA, EUR, EAS, and SAS (note that EAS and SAS are also dust source regions) and 2 biomass burning regions of SAM and SEA in Fig. 6a , and 4 dust source regions of SHR, SHL, MDE, and CAS in Fig. 6b (comparisons of all 15 land regions are shown in the Supplement, Fig. S3a ). Model-estimated AOD speciation (color-coded, vertically stacked bars) and the combustion (FF+BB) AOD (red bars next to the aerosol speciation) are indicated in Fig. 6 . The regional average AOD for each data set is calculated from the available data within the region independently; i.e., spatial and temporal matching of the different data sets and the model is not imposed, not only because there is very limited common coverage, but also because the purpose here is to examine the trends with each data set independently. Although such averaging can introduce differences between data sets simply because of their different spatial and/or temporal sampling, the regional trends should be relatively robust, provided the available data are representative. The only satellite data set available over land before the EOS era is TOMS; however, as described earlier, it suffers from coarse spatial resolution and the lack of onboard cloud screening capability that limit retrieval availability and data quality. A strict cloud-free pixel standard has been applied to minimize cloud contamination in the TOMS AOD product, which also removes high-AOD pixels (e.g., volcanic aerosol signals from El Chichón and Pinatubo are mostly screened out) such that the averaged AOD from the remaining pixels can be significantly biased. Because of the limitations, TOMS data is used mainly for trend assessment rather than for their absolute AOD values (it is included in Fig. 6 for informational purposes). This limits the available satellite observations over land only within the last decade or so, that is, after 1997, with SeaWiFS, MISR, and MODIS. Figure 6 shows that the most pronounced feature during the 30-year time period from the model is the worldwide influence of large volcanic eruptions, that is, El Chichón in 1982 and Pinatubo in 1991. Sulfate aerosols formed from these eruptions can last for several years. For the periods lacking major volcanic influence (i.e., in the mid-to late 1980s and in the 2000s), Fig. 6a displays a decreasing AOD trend over the pollution source regions of USA and EUR, and the model shows that such a decrease is mostly driven by the decline of combustion AOD (red bars), in line with the fossil fuel/biofuel emission reduction trends in these regions (Fig. 2) . The reduction over EUR is particularly remarkable: the total and combustion AOD in the late 2000s are only about half and one-third of their corresponding values in the early 1980s from the model. In contrast, over EAS and SAS the combustion AOD has increased significantly by 40 % and 120 %, respectively, for the same period of time. However, the overall increase of total AOD is less than 20 % in EAS and SAS, because of the relatively large amount of dust aerosols in these regions that either have negligible trend (in EAS) or a decreasing trend (in SAS) to mask the increasing trend of the combustion AOD. Compared with satellite AOD from SeaWiFS, MISR, and two MODIS products from the late 1990s to late 2000s, the model-simulated AOD agree with satellite data within 0.02-0.05 over USA and EUR, where the satellite data are also consistent with each other. Over EAS and SAS, AOD from SeaWiFS and MISR are usually 0.05-0.08 lower than the two MODIS products, and the model simulations agree better with SeaWiFS and MISR although the model is still about 0.05-0.08 lower than these two satellite data over SAS.
For regions that are mainly influenced by biomass burning (i.e., SAM and SEA; bottom row in Fig. 6a ), there are considerable interannual variations but not obvious trends. The model captures the interannual variability observed by SeaWiFS, MISR, and MODIS in the last decade but the simulated AODs are a factor of two lower than that from satellite retrievals. Considering that the GOCART model had much smaller bias (within 20 %) in our previous simulations using higher biomass burning emission factors , we suggest that the A2-ACCMIP biomass burning emission for the aerosol species, which is based on the Global Fire Emission Dataset (GFED) version 2 for the period of 1997-2008 (Granier et al., 2011; Diehl et al., 2012) , is likely too low (see also biomass burning emission comparisons in Petrenko et al., 2012) .
Over the dust source regions of SHR, SHL, MDE, and CAS, AOD from the model tends to be higher than that from the satellite retrievals (other than TOMS) by 0.05 to 0.15 (Fig. 6b) , which is likely the result of the model overestimating dust emissions. The model shows a clear increase of dust in SHL in the early 1980s, and then a leveling-off or a decrease since then. The model shows an increase of dust AOD in SHR during the mid-to late 2000s, in line with SeaWiFS but not with MISR and MODIS. Over MDE, both model and satellite data suggest an increasing AOD tendency in the last 10 years, driven by the increase of dust, which is consistent with prior SeaWiFS and AERONET data analyses in that region . In CAS, the model-simulated dust AOD has increased by 0.04-0.05 from 1980 to 2009, although AOD from combustion sources (red vertical bars) has decreased by 0.04 over the same time period, offsetting the dust AOD increase. The model-simulated interannual variability in the 2000s is stronger and AOD is much higher than SeaWiFS and MISR over CAS but agrees better with MODIS, even though the simulated AOD is still 0.1-0.15 higher than MODIS.
Given some discrepancies between satellite data and model, we further evaluate the model-simulated AOD with the ground-based sun photometer data from the AERONET measurements in different regions. As we mentioned earlier (Sect. 3.2), most AERONET measurements started in the 2000s and only 15 sites have data for at least 12 years (Fig. 3) . We show in Fig. 7 the monthly AOD from 1995 to 2009 from AERONET and GOCART simulation at five AERONET sites over land for their relatively long-term record and under different aerosol regimes: GSFC in the US and Lille in France, dominated by combustion-generated aerosols; Alta Floresta in the Amazon, dominated by biomass burning aerosols during the burning season; and Sede Boker in Israel and Banizoumbou in Niger, dominated by dust. The only island site from AERONET with data started in the 1990s is Cape Verde off the west coast of North Africa, which receives dust from the upwind Sahara and Sahel all year long. AOD from AERONET and GOCART over Cape Verde are also shown in Fig. 7 (results for the rest of the long-term sites are shown in Fig. S4 and the overall model-AERONET comparison statistics listed in Table S1 ). Satellite AOD data over each site are also plotted for comparisons. To better reveal the temporal trends, the annual averaged relative Fig. 1 ). Satellite retrievals are presented in continuous color lines, and GOCART results are displayed in vertically stacked color bars showing AOD composition (SS = sea salt, DU = dust, OM = organic matter, BC = black carbon, and SU = sulfate). AOD from fossil fuel and biomass burning (FF+BB) sources is shown in red vertical lines next to the aerosol composition. All products are averaged within the region domains without considering coincidental spatial/temporal coverage. Note that there is no AVHRR retrieval available over land. Standard deviation of monthly average of regional AOD from GOCART is shown in thin black vertical lines (for clarity, only positive part is plotted and the deviation from satellite data is not displayed).
AOD anomaly is expressed in the right column of ) shows an increasing tendency (except MODIS-Terra), especially from AERONET, whereas over Cape Verde (in CAT) no such increase appears. These AOD changes seem to be representative of the corresponding regional behaviors (SHL in Fig. 6 and CAT in Fig. 9 ) for the same time periods. 
Aerosol surface concentrations over the US, Europe, and the Arctic
Complementary to the remotely sensed AOD data (an optical measurements of the atmospheric column which does not distinguish aerosol species), the ground-based in situ measurements provide mass concentrations of different aerosol species and their precursor gases, offering another aspect in assessing the multi-decadal aerosol trends and evaluating the model, especially in the Arctic where the polarorbiting satellites have very little coverage. However, as shown in Fig. 3 , the long-term concentration measurements over land are mostly limited to locations in North America and Europe. Figures 8a-c compare model-simulated aerosol species concentrations with measurements at selected surface sites in the US, Europe, and the Arctic, respectively, demonstrating the concentration change at different locations. Over the US: Fig. 8a shows monthly concentrations and interannual variability of sulfate, BC (or elemental carbon, EC, in IMPROVE), OC, and fine mode dust concentrations at two IMPROVE sites from 1988 to 2007: a remote site in the San Gorgonio Wilderness at 1.7 km elevation in southwestern US (southern California), and an urban site in Washington DC in the eastern US near sea level. These two sites are chosen to represent contrasting environments and geographic locations. Concentrations of sulfate, BC, and OC over San Gorgonio are significantly lower than those over more polluted Washington DC from both model and observations but dust is higher due to its near-desert location. Both observation and model show decreasing trends of sulfate, BC, and OC at these two sites (30-40 %, right column), mostly echoing the reduction of anthropogenic emissions over the US during the time period, although the trends are smoother and the degree of decline is much lower for BC and OC in the model. On the other hand, dust concentrations fluctuate from year to year with little trend. At San Gorgonio all species show repetitive seasonal cycles that are captured by the model, but at Washington DC only sulfate has a clearly defined seasonal pattern while other species display a much less organized temporal variation that is not reproduced by the model. The largest disagreement between the IMPROVE data and the model is in the BC and OC concentrations that are 40-70 % too low in the model. Such misrepresentation can be attributed largely to the underestimation of fossil fuel combustion and biomass burning emissions (e.g., Park et al., 2004) and the unaccounted sources (e.g., local emission, inadequate secondary organic aerosol formation) in the model. The reduction of pollutant level is common among the 44 long-term IMPROVE sites over the US (Fig. 3) with an average value of about 40 % (illustrated in Fig. S5 for sulfate).
Over Europe: the long-term measurements of aerosol and related species in the EMEP network began in the late 1970s to measure the "acidifying" compounds. Measurements of other species such as BC and OC started much later, mostly in the 2000s. Therefore in this study we use the sulfur data from EMEP, including sulfate aerosol and SO 2 gas (which is the precursor compound for sulfate. Fig. 8b shows the longterm data at two EMEP sites, Tange in Denmark and Chopok in Slovakia. These two sites are chosen as examples showing the sulfur concentration changes in different geopolitical regions and at different altitudes. The decrease of SO 2 and sulfate concentrations is remarkable in the past three decades over these sites. EMEP data show a factor of 16-18 reduction of SO 2 at both sites and a lesser degree of sulfate with factors of about 9 and 4 at Tange and Chopok, respectively. The model also shows a large drop in SO 2 and sulfate concentrations, but with smaller magnitudes, by a factor of 6-7 for SO 2 and 3-4 for sulfate. The weaker declining trend of sulfate as compared with SO 2 can be explained mostly by the limiting factor of the availability of the oxidants (OH, H 2 O 2 ) near the pollution source (Chin et al., 1996 (Chin et al., , 2000 Koch et al., 1999) needed to convert SO 2 to sulfate, such that the sulfate amount is less sensitive than SO 2 concentration to the SO 2 emission change. The decrease of the sulfur concentration is widespread over Europe, as seen at the 64 long-term EMEP sites (Fig. 3) , and is almost entirely due to the drastic decline in SO 2 emissions (illustrated in Fig. S5 for sulfate). Over the Arctic: Fig. 8c shows the surface sulfate concentrations at two sites inside the Arctic Circle: Alert in Canada, located in the western Arctic, and Karasjok in Norway, located in the eastern Arctic (Fig. 3) . These two sites are chosen not only for their different geographical locations in the Arctic but also for their long-term data record. Because of the remoteness of these sites, sulfate there is mostly transported from mid-latitude polluted areas, especially from Europe (e.g., Shaw and Stamnes, 1980; Rahn, 1981; Chin et al., 2007; Shindell et al., 2008) . Similar to Europe, sulfate concentrations at these Arctic sites also display a significant decrease such that the concentrations in the 2000s are twoto threefold lower than the earlier values in the 1980s.
By separating combustion-generated aerosol species from the natural ones (dust, biogenic, and volcanic), the model shows that sulfate at the land sites is mostly from the combustion sources (red lines in Fig. 8 ), BC is entirely from the combustion sources, whereas a sizable fraction of OM can come from natural sources (biogenic secondary organic aerosol) depending on the locations (such as at WASH1 in Fig. 8a) . The large volcanic eruptions that exerted profound enhancements of sulfate AOD globally show little effect on surface sulfate concentrations.
Multi-decadal variations of aerosols over ocean regions
AOD in continental outflow and remote ocean regions
We compare the AOD from satellite retrievals and model simulations over the ocean in six oceanic areas (Fig. 9) , five of which (NAT, WNP, CAT, NIN, and SAT) are influenced by the continental outflow of pollution, dust, and biomass burning, and one (SOU) is in the remote area in the Southern Ocean (comparisons for all 12 ocean regions are shown in the Supplement, Fig. S3b) . Aerosols from the El Chichón and Pinatubo volcanic eruptions are again the most distinct features in the long-term AOD record from both AVHRR retrievals and GOCART simulations. The AVHRR data show comparable maximum AOD values between El Chichón and Pinatubo over the northern hemispheric oceans, whereas GO-CART generates a higher AOD from Pinatubo than from El Chichón. In the time periods with little influence from major volcanic eruptions, the most clear regional changes from the mid-1980s to 2000s over the continental outflow regions are the declining trends in NAT and CAT (about 20 %), due to the reduction of anthropogenic and dust influences from the neighboring continents. On the other hand, there is an increasing trend (15 %) over WNP consistent with the increasing combustion aerosol transport from EAS between the mid-1980s and 2000s, but the model suggests that the anthropogenic AOD increase over NIN is damped by a decrease in dust AOD, similar to the changes in SAS. Thus there is little trend for NIN overall in the non-volcanic period during the past three decades, although satellite data indicate an increasing trend in the 2000s. The model matches the two AVHRR and SeaWiFS retrievals within 0.02-0.03 over NAT, CAT, and WNP, but it is about 0.02-0.08 lower than MISR and MODIS in the same regions. The model is also consistent with the AVHRR-GACP over NIN but it is 0.05-0.1 lower than other satellites. Over SAT, GOCART simulations indicate that biomass burning aerosol, transported mainly from the upwind continents, is more influential here than over other regions. However, the model is significantly lower than all satellite products by 0.05-0.10 for most years. Although the underestimation could be attributed in part to the low biomass burning emissions (also shown in Fig. 6b ), a general large underestimation of AOD by the model over much of the tropical and subtropical ocean suggests that the model may have missed or underestimated some aerosol sources over these ocean regions. It is possible that sea salt emission in the tropics might be too low (Jaeglé et al., 2011) , sulfate chemical production could be too slow (Yu et al., 2009 ), or primary organic matter emissions (Gantt et al., 2011 ) that should be included in the model. However, higher sea salt production seems unlikely, based on the comparisons with the surface measurements over the tropical/subtropical area (see next section). On the other hand, satellite AOD may exhibit a high bias over the ocean, which could be caused by contributions from unscreened cloud or unaccounted-for whitecaps (e.g., Mishchenko et al., 1999; Kahn et al., 2007) . A high bias is found in comparisons between satellite data and shipboard measurements (Smirnov et al., 2011) , which is reduced when newer algorithms are applied to the input data Reid, 2006, 2010; Levy et al., 2013) .
In SOU between 45 S and 66.5 S, AOD values from GO-CART, AVHRR-CDR, and SeaWiFS are close to each other, but they are much lower than other satellite products. As noted earlier (Sect. 4.1), further removal of thin-cirrus cloud contamination and correction for wind-speed-dependent surface reflectance would bring the MODIS AOD down by 0.04-0.12 in this region (Levy et al., 2013) , which would be much closer to AVHRR-CDR, SeaWiFS, and GOCART. The model suggests that about 20-25 % of AOD over SOU is contributed by sulfate formed via DMS-SO 2 oxidation (indicated by SU in SOU region in time periods without large volcanic influences), as was also shown in our previous model studies (Chin et al., 2000 (Chin et al., , 2002 ). Interestingly, GOCART indicates that the sea salt is not the major component for column AOD over much of the ocean, except in SOU (also see Fig. S3b ), even during the time periods without influences from El Chichón or Pinatubo: pollution and dust transport constitute more than half the AOD over the northern hemispheric mid-latitude oceans and the Indian Ocean, whereas biomass burning and natural aerosols (volcanic, DMS oxidation) influence the AOD in the tropical and subtropical areas.
Aerosol concentrations over oceanic island sites
Surface aerosol concentrations at about 30 island or coastal sites from the University of Miami network are available starting in the 1980s, but there are significant data gaps for some species and most sites have been inactive since the 1990s or early 2000s; only 5 sites have long-term (> 15 years) data coverage (Fig. 3) for at least one aerosol species and only Barbados and the University of Miami sites have data continuing to the end of 2009. The longest data record is the dust concentration at Barbados (measurements starting in the 1960s) (Prospero and Lamb, 2003) . We show in Fig. 10a the surface concentrations of sulfate, dust, and sea salt at the Barbados and Miami sites, in Fig. 10b the same species at Midway Island in the Pacific, and in Fig. 10c sulfate, MSA, and sea salt at the Mawson Station on the coast of Antarctica. (Note that the sulfate term used here is for "nonsea-salt sulfate.") These sites are chosen for their longer or more complete coverage than other sites and for their diverse geographic locations (Atlantic, Pacific, near Antarctica). Data at other long-term island sites, American Samoa from University of Miami measurements and at Mauna Loa from University of Hawaii, are shown in Fig. S6 .
Dust at Barbados and Miami is predominantly from the trans-Atlantic transport from North Africa, whereas sulfate and sea salt are mostly from local or regional sources. Being further away from the North American continent and closer to the transported dust plume, Barbados is much less influenced by anthropogenic sulfate from North America, but receives much more dust from North Africa than Miami (Fig. 10a) . The model shows a decreasing trend of sulfate at both sites with a larger magnitude at Miami (about 20 % and 40 % at Barbados and Miami, respectively), mostly due to the decrease of anthropogenic sulfate from North America. Sea salt does not seem to show a general trend at either site (the apparent increase from 1985 to 2000 in the Barbados data is attributed to the change of measurement method, J. Prospero, personal communication). On the other hand, the model indicates an overall 50-60 % decrease in dust concentration at Barbados from the early 1980s to the late 2000s, consistent with the Barbados data. Although the data at the Miami site are not conclusive for such a decreasing trend because of the relatively shorter data record, the model indicates a decreasing trend in the 1980s. This indication seems credible, given that the model closely reproduces the interannual variations of dust from 1989 to 2009 at Miami. Dust at both sites has a systematic seasonal variation, with a distinctive summer peak, but at Barbados the shape of seasonal variation is much broader than that at Miami. At Barbados dust starts to increase in early spring and gradually decays after summer, as determined by the seasonal intensity of dust activity in North Africa. On the other hand, at Miami dust increases sharply in July and diminishes quickly thereafter; this is caused by the seasonal variation of the transported plume, which shifts more to the north in the summer (e.g., Hsu et al., 2012) to reach Miami.
Midway Island in the middle of the North Pacific receives pollution and dust transported mostly from Asia (e.g., Prospero et al., 1999; Chin et al., 2007) .
The data record for Midway ended in the early 2000s. Both model and data show seasonal and interannual variations of sulfate, dust, and sea salt at Midway with no evident trends (Fig. 10b) . The model overestimates dust concentrations in Midway by a factor of 5, suggesting that the model may significantly overestimate the dust source in Asia and/or the dust trans-Pacific transport efficiency, although additional verification is necessary.
At the Mawson Station on the Antarctic coast, landoriginated aerosols have little influence (Fig. 10c) . Although the data record at Mawson is too short (< 10 years) to derive a trend, it reveals sulfur chemistry in the remote environment (Prospero et al., 1991; Savoie et al., 1992) . The source of natural sulfate at Mawson is the photochemical oxidation of DMS, producing SO 2 and consequently sulfate. A branch of the DMS oxidation pathway also produces another natural aerosol species, MSA. Both sulfate and MSA have large, smooth seasonal cycles with peaks in the southern hemisphere summer, reflecting the seasonal cycles of ocean primary productivity and atmospheric photochemical processes, both of which are strongest in the summer. The model agrees with sulfate and MSA observations within 30 % and 18 %, respectively, suggesting that the biogenic sulfur cycle over the high latitude Southern Ocean area is well represented in the model.
Global patterns of AOD change
Due to the interannual variability of meteorology and significant perturbations from sporadic events, it is not always appropriate to deduce linear trend from the 30-year AOD record. It is also not assured that AOD changes over 30 years are linear, or even monotonic, in all regions. Here, we examine the differences between the beginning and end of two time segments, (1) the end of 1980s (1988-1989) to early 2000s (2000-2001) , and (2) the early 2000s (2000) (2001) to late 2000s (2008) (2009) , to identify geographic patterns of AOD changes during these two periods. The time segments were chosen to minimize large volcanic influences, to maintain close to normal climate conditions (i.e., nearneutral El Niño-Southern Oscillation index after averaging over 2 years), and to optimize the use of multiple satellite data sets that cover different time periods (see Table 3 and Fig. S7 ). In the first time segment, available satellite data include AVHRR-CDR, AVHRR-GACP, and TOMS whereas in the second time segment AVHRR-CDR, SeaWiFS, MISR, and MODIS-Terra are available. Difference maps are shown in Fig. 11a and 11b , respectively, for the two time segments. Although a 2-year period seems relatively short, such that the difference between the beginning and end of a time segment could reflect interannual variability rather than a decadal trend, such spatial difference maps together with the regional time series in Figs. 6 and 9 do provide complementary information about decadal-scale variations.
During the first time segment (Fig. 11a) , both AVHRR products (first two panels in the left column) show a widespread AOD decrease over the ocean from the end of the 1980s (1988) (1989) to the beginning of the current century (2000) (2001) , except in coastal areas of the Indian subcontinent, North Pacific mid-latitudes, and tropical African west coast. The GACP product also shows pockets of increase over the Southern Ocean. In contrast, TOMS (bottom panel, left column) presents a general AOD increase over the global oceanic area, except some areas over the Atlantic. However, the increase (0.02-0.05) is well within the range of the relatively large uncertainties in TOMS AOD (see Sect. 3.1), and hence the apparent trend is not conclusive. All satellite products show a clear AOD decrease off the west coast of North Africa and Angola but an increase in the tropics over the Gulf of Guinea. AOD changes near coastal regions usually directly reflect aerosol sources changes in the upwind land regions. For example, TOMS shows an AOD increase over Asia and southern Africa, a strong decrease over northern Africa and Brazil, and the hint of a decrease over Russia and Europe from its rather limited spatial coverage at high latitudes. Over North America, TOMS indicates an increase in the western US, with "hot spots" on the north and south borders possibly because of the difference in biomass burning between 2000-2001 and 1988-1989 , and some decreasing tendency in the eastern US and southern Mexico.
In comparison, the total AOD change from GOCART during the first time segment (Fig. 11a, top right) is generally smaller (1AOD within ±0.02) than that from satellite data over the ocean. Qualitatively, GOCART is consistent with the data, showing a decrease over the North Atlantic in midto high latitudes (> 30 N) and subtropical areas off the west coast of northern Africa, and increases along the coast of central Africa, the northern Indian Ocean, and the western North Pacific. Over land, the model shows the largest AOD decreases over Europe, high latitudes of Eurasia and North America, and North Africa, whereas the largest increases oc- Africa. The direction of these changes is generally consistent with the TOMS data with a few exceptions, although the magnitude is smaller. The model also displays a 0.05-0.1 AOD decrease over the Arctic, where no satellite data are available. From the simulation separating natural from FF+BB burning emissions (middle and lower panels in the right column of Fig. 11a) , the model indicates that the changes over North America, Europe, Asia, and the Arctic are mainly due to combustion (mostly fossil fuel) emission changes, and, as we have seen in Fig. 6 , the changes of dust and combustion AOD are in opposite directions over Central Asia and South Asia. The decrease over northern Africa and increase over central Asia reflect the change of dust whereas the increase in southern Japan is due to the volcanic activity from Miyakajima, which was quite active in 2000-2001 but not in 1988-1989 (http://www.volcano.si.edu/). During the second time segment (Fig. 11b) , the tendency of AOD change from AVHRR-CDR over the ocean is different from the first segment. In contrast with the decreasing AOD trends over large ocean areas during the first time segment, it shows an increasing trend in the range of 0.02-0.2 over the tropics and Southern Ocean near Antarctica, and a 0.02-0.05 decrease in the North Atlantic near the coastal regions. This pattern is different from other satellite products. All satellite data show an AOD increase over the northern Indian Ocean, with larger increases from AVHRR-CDR and MODIS-Terra (0.05-0.20) than from SeaWiFS and MISR (0.02-0.10). Over land, the three EOS satellite sensors all show an AOD decrease over the eastern US, Europe, South America, and southern Africa but an increase over eastern China and India. Over major dust regions (North Africa, the Middle East, and Central Asia), SeaWiFS and MISR in general show an increase, especially the "hot spot" of 0.1-0.2 AOD increase over the Arabian Peninsula from SeaWiFS, which occurred mostly in spring and summer . Note that there are no MODIS-Terra Deep Blue products available for 2008 and 2009 over the deserts in Collection 5 used here.
The model, on the other hand, indicates a smaller AOD change (within ± 0.02) than satellite products over most oceanic areas in the second time segment, but shows a decrease off the west coast of northern and southern Africa that is similar to SeaWiFS and MISR, a decrease over the east coast of North America and west of central America that is consistent with AVHRR-CDR and MISR, and decreases in the northwest Pacific east of Japan, the Arctic Ocean, and the Southern Ocean near Antarctica that are either not evident from the satellite data or not observable by the satellites, possibly due to persistent cloud cover. Over land, the model shows a continuous decrease of AOD over the US, Europe and Russia and a continuous increase over East Asia and part of South Asia from the previous decade (Fig. 11a) . Over the desert regions, the model also simulates an increase over North Africa, the Middle East, and Central Asia, in the same direction as the changes seen in SeaWiFS and MISR, although the increase in the Arabian Peninsula (0-0.05) is much weaker than the magnitudes from SeaWiFS (0.1-0.2) and MISR (0.02-0.1). Another intriguing change is in the dust source and outflow regions of North Africa and the tropical North Atlantic: the model shows that the AOD over the tropical North Atlantic has been decreasing in both time segments, despite the AOD increase in the upwind North African dust source regions in the second time segment. The modelcalculated change in the latter time segment is supported by the SeaWiFS data and, to some extent, by the MISR data as well. We discuss the controlling factors of dust emission and transport in Sect. 5.2.
Although there are differences in the AOD changes in different satellite products, the data are usually consistent over land as well as the outflow regions over ocean, and can be explained mostly by the changes of land-based emissions. Satellite data have relatively larger uncertainties over remote areas because of low AOD, and additional difficulties at high latitudes due to the high reflective surfaces, low sun angle, and persistent cloud cover.
Synopsis of the results
Several key findings have emerged from the long-term data and model simulation shown in this section regarding trends:
-Over land, the most obvious 30-year trend is the reduction of aerosols in Europe. This reduction is primarily a decrease of anthropogenic aerosols resulting from the persistent efforts at pollution emission control that is also linked to a reduction in sulfate aerosol in both the eastern and western Arctic. Other significant AOD trends include an increase in combustion aerosol in the developing economies of Asia, which is partially offset by a dust component that either remains steady (EAS) or decreases (SAS). However, there is lack of longterm surface-based measurements available in EAS and SAS to further test the results. Fluctuations of AOD in dust and biomass burning regions occur during the 30-year record, with AOD increasing over CAS and MDE in the last 15 years but variable changes in Africa, and large year-to-year variations in biomass burning regions with no overall trends. Overlaid on all of this variability are the very strong changes imposed by large volcanic eruptions of El Chichón and Pinatubo.
-Over ocean, the AOD changes in the continental outflow areas in general appear to be in the same directions as their neighboring land, e.g., decrease over NAT and increase downwind of EAS. The most robust feature is the reduction of AOD in the dust outflow region of tropical North Atlantic, consistently shown in almost all satellite data and the model, a direction that may not be consistent with the AOD changes in North Africa. This weakening of dust transport from North Africa to the North Atlantic is also evident in the long-term surface dust concentration record at Barbados where the dust is predominantly from North Africa via the trans-Atlantic transport.
-Satellite products are mostly coherent over land regions with relatively dark surfaces. Over brighter surfaces where a significant amount of dust persists, the MODIS AOD products are generally 0.05-0.1 higher than SeaWiFS and MISR. Over ocean, AOD from MISR is always the highest, followed by MODISTerra, MODIS-Aqua, AVHRR, and SeaWiFS during their overlapping period. Although the differences in satellite AOD products are within their specified uncertainty or bias ranges, evaluation of models over areas with data discrepancies is difficult. Even so, we find the model falling outside the range of the different satellite data sets in the regions dominated by tropical biomass burning land regions and tropical oceans, where it underestimates AOD, and in dust-dominated regions, where it overestimates AOD.
Discussion
Relationships between emission, surface concentration, and AOD in polluted regions
To estimate the effects of changing emissions on AOD and surface concentration, it is necessary to examine the relationships between those quantities in different regions. Yet, such relationships can be influenced by many other factors other than regional emissions, such as transport (net import vs. net export), removal efficiency (dry vs. wet regions), source type (surface sources vs. higher-altitude sources), and source density (total emission per unit area). Thus, the relationship of emission-AOD-surface concentration can be quite different from region to region, and the regional AOD and/or surface concentrations may not be controlled by or respond linearly to regional emission changes. Nonetheless, to shed light on the plausible responses of atmospheric aerosol to emission changes on a regional basis, we simply show the relationships between emissions and model-calculated AOD or surface concentrations within four major anthropogenic source regions known to be net export regions: USA, EUR, EAS, and SAS. More quantitative assessments of local or regional aerosol source attributions and source-receptor relationships require additional model experiments that "tag" emissions based on source region and/or source type (e.g., Chin et al., 2007; HTAP 2010; Yu et al., 2013) , an approach that is not covered here. We select years that are not influenced by large volcanic eruptions (1980-1981, 1988-1990, 2002-2009 ) in order to concentrate on emissions predominantly within the PBL. We perform a linear fit between the total annual emissions and the annual averaged surface concentration or AOD within each region for sulfur (sulfate AOD, total sulfur emission), OM, and BC, as they are mostly generated from combustion sources. The correlation coefficient indicates how closely the concentrations or AOD reflect the regional emission, and the slope may suggest the change of concentration or AOD per unit change of regional emission. The results are shown in Fig. 12 .
The emissions and surface concentrations in these regions exhibit a tight linear relationship on a regional and annual Model-estimated relationship between emission (E) and surface concentrations (C) (black dots) or AOD (A) (blue crosses) of sulfur (total sulfur emissions, mainly SO 2 , and sulfate concentration or AOD) (1st row), OM (2nd row), and BC (3rd row) on regional and annual average over USA (1st column), Europe (2nd column), East Asia (3rd column), and South Asia (4th column) in years without globalscale volcanic influence (1980-1981, 1988-1990, and 2002-2009) average basis. Note the obvious outlier of OM concentration in East Asia (highlighted with the open circle) at nearly 6 µg m 3 in 2003, mostly due to OM imported from large boreal fires in eastern Russia during the spring and summer that year (Edwards et al., 2004; Generoso et al., 2007) . The smoke plume from this fire not only strongly affects aerosol concentrations in East Asia, but also impacts that in the US (open circled) via trans-Pacific transport (e.g., Yu et al., 2008) . Excluding results from 2003 makes emission and surface OM concentrations much better correlated in East Asia (R increased from 0.85 to 0.95) and the US (R increase from 0.93 to 0.97). The strong correlations (R well above 0.9) between emissions and surface concentrations for all species strongly imply that the air quality in those regions with respect to particulate pollution is mainly controlled by emissions within the region, as suggested by several previous studies (e.g., Chin et al., 2007; HTAP 2010) . In contrast, emissions and AOD are not as closely related, even though in Europe and South Asia the correlation coefficients are still high, in the range of 0.94 to 0.99. The looser correlations between regional emissions and AOD imply that long-range transport from extra-regional sources can be significant, as transported aerosol usually has a larger influence aloft than at the surface over receptor regions (e.g., Chin et al., 2007; Yu et al., 2012 Yu et al., , 2013 . For example, even with exclusion of the year 2003 (highlighted with open squares), the correlation coefficients between emissions and AOD for OM and BC over the US are 0.86 and 0.88, respectively, significantly lower than the 0.97 and 0.99 between emissions and surface concentrations. A previous modeling study estimated that BC from Asia could contribute up to 50 % of total BC at 2 km and an even higher percentage at higher elevation in spring (April 2004) off the west coast of North America (Hadley et al., 2007) , although at higher altitudes BC concentrations are usually much lower than in the boundary layer. Another recent study found that intercontinental transport contributes about 28 % of BC AOD and 21 % of OM AOD over North America, averaged over 9 global models, that is dominated by the emissions from East Asia (Yu et al., 2013) . Surprisingly, the weakest correlation between emissions and AOD from the model is the sulfur over East Asia (R = 0.59 between SO 2 emission and sulfate AOD), a region that is known to be a major anthropogenic SO 2 source and net exporter of pollutants, especially in the recent decade, so a high correlation is expected. By examining the anthropogenic and natural components of sulfate AOD from regional and extra-regional sources, we find that natural volcanic aerosols play an important role in shifting the expected sulfur emission and sulfate AOD correlation in the model. There have been numerous active volcanoes in the Kamchatka Peninsula (Russian Territory, outside the EAS domain) that frequently release SO 2 into the atmosphere. These emissions can inject SO 2 to high altitudes to produce sulfate aerosol that can spread over a large area. For example, the 1981 Alaid volcano eruption was one of the largest on record in the Kuril Islands just south of Kamchatka, injecting about 1100 kilotons of SO 2 to near the tropopause. GOCART simulation shows sulfate aerosol from that eruption spreading to the Arctic and subarctic as well as the northern part of East Asia (Mongolia and northern China), and lasting for several months. On annual average for the years included in Fig. 12 , extra-regional volcanic sources contribute 0.01-0.03 of sulfate AOD to the EAS region. If we only select sulfur from combustion sources, the correlation between SO 2 emission and sulfate AOD is much tighter (R = 0.97).
Atmos
Factors controlling dust emission and loading
We examine two phenomena related to dust emission and transport: the plausible reasons for the changes of dust loading in North Africa, the Middle East, and Central Asia, and the continuous decrease of dust in the tropical North Atlantic (Fig. 11a and b) . These changes seem to be consistent between multiple satellite observations and the model.
As we have described in Sect. 2, two key parameters that determine the dust emission are 10 m wind speed, u 10 m , and the ground wetness w -the stronger the u 10 m and the lower the w, the larger the dust emission. Although u 10 m is the driving force for lifting dust from the ground, w acts as a switch for dust emission depending on whether w is below (emission on) or above (emission off) a threshold value (currently 0.35 in GOCART). In addition, w also determines the dust uplifting threshold velocity u t (Ginoux et al., 2001) . We examine the dust emission and AOD changes calculated by GOCART and the meteorological variables u 10 m and w from MERRA over major dust regions of North Africa (Sahara and Sahel), the Middle East, and Central Asia in Fig. 13 . It indicates that w plays a more important role in regulating dust emission in Central Asia and the Middle East than in the Sahara and Sahel because the surface is generally wetter, especially in Central Asia, where dust emission seems to be mostly determined by the w region-wise (emission and w are negatively correlated with R = 0.67). Therefore, we attribute the increase of dust AOD in Central Asia in the last decade (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) mostly to a drier surface in the later years, whereas in the Middle East the change of dust emission responds to both u 10m and w changes, although the u 10m provides a stronger forcing. Figure 13 also shows a decreasing dust emission trend from the mid-1980s to the mid-2000s in both the Sahara (SHR) and Sahel (SHL), with a stronger decrease in the Sahel. This decrease can be attributed mostly to the weakening of the 10 m wind strength, considering the high correlation between the emission and 10 m winds over both regions. The model-calculated reduction of dust emissions and winds in the Sahel is supported by long-term observations at seven World Meteorological Organization (WMO) weather stations in the Sahel, all showing decreasing 10 m wind speed (albeit to a larger degree than MERRA) and dust event frequency (Cowie et al., 2013) .
The different AOD plots for selected time segments in Fig. 11 reveal that dust in the tropical North Atlantic decreased between the late 1980s and the late 2000s. This general decrease was reported in several previous studies that linked the decrease to an increase of sea surface temperature (SST) in the North Atlantic (Wong et al., 2008; Foltz and McPhaden, 2008; Wang et al., 2012) or the increased precipitation in the Sahel Wang et al., 2012) . Studies have also shown that dust export from North Africa is to some extent correlated with the North Atlantic Oscillation (NAO), a climate phenomenon in the North Atlantic Ocean that represents fluctuations in the sea level pressure difference between the Icelandic low and the Azores high (e.g., Hurrell, 1995; Hurrell et al., 2003) ; stronger dust outflow is expected with more positive NAO (e.g., Moulin et al., 1997; Ginoux et al., 2004; Chiapello et al., 2005) . We examine in Fig. 14 (panel a to f ) the correlations between the tropical North Atlantic dust AOD anomaly with the anomalies of dust emissions calculated by GO-CART, precipitation and SST from MERRA, and the Hurrell annual NAO index. The regional scale correlations in Fig. 14 suggest that the dust AOD in the tropical North Atlantic is most positively correlated with the Sahel dust emission (R = 0.72) and mostly negatively correlated with the North Atlantic SST (R = 0.69); it is also correlated with dust emission in the Sahara (R = 0.52) and anti-correlated with precipitation (implying dust removal) over the tropical North Atlantic (R = 0.58). Although the dust AOD change seems to be associated with the phase and strength of the NAO, the correlation is not strong (R = 0.44). Therefore, the decreasing trend of dust AOD in the tropical North Atlantic during the past 30 years is probably driven by the large-scale climate forcing represented by the SST increase, which changes the surface pressure, atmospheric circulation, and precipitation, affecting dust emissions in the source region and transport to the North Atlantic. Although studies have pointed out that a warmer North Atlantic would produce wetter conditions and lower dust emission in Sahel, and thus less dust in the North Atlantic (Foltz and McPhaden, 2008; Wang et al., 2012) , the MERRA reanalysis does not show increased precipitation over the Sahel (panel c in Fig. 14 it yields a positive precipitation trend over the North Atlantic that removes dust more efficiently. Our results show that the dust emission in the Sahel is more controlled by wind speeds than ground wetness (the latter is directly related to precipitation).
The model also suggests that change of North African dust emission and transport is directly responsible for the surface dust concentrations trends at Barbados and Miami, which are also tightly linked to the SST change. We show in the last two panels of Fig. 14 the relationship between the North Atlantic SST anomaly and the surface dust concentration anomaly at Barbados (panel g) and Miami (panel h) calculated by GOCART. We have also found that essentially there is no direct connection between the Sahel precipitation anomaly and the Barbados dust concentration anomaly in the 30-year time span (R = 0.12, not shown in Fig. 14) , different from a previous study that suggested a close tie between the Sahel rainfall index and the Barbados dust concentration (Prospero and Lamb, 2003) , although the correlations fall apart with the latest 25 years of data (Prospero and Mayol-Bracero, 2013) . However, the MERRA precipitation trends might be influenced by a change over time of the observing system used in generating the reanalysis, rather than the "real" trends, especially over the ocean . As such, our interpretation of the causal effects of dust trends may have to be reassessed after any inconsistencies induced by the observing system change in MERRA are removed (M. Bosilovich, personal communication, 2012) .
Global and regional trends and attributions of combustion aerosols
Figure 15 plots the model-calculated average AOD and that from combustion sources in 15 land and 12 ocean regions (domains in Fig. 1 ) as well as the averages of global land, ocean, and the entire globe for four time slices of 1980, 1990, 2000, and 2009 . It is to symbolize the global and regional changes of aerosols during the 30-year period. Among the major Northern Hemisphere pollution regions, Europe shows the largest reduction in combustion AOD fraction ( 27 %) from 1980 to 2009, and South Asia shows the largest increase (+22 %). Over ocean, the largest reduction of combustion AOD fraction ( 16 %) is over the northern part of the North Atlantic, whereas the largest increase takes place over the North Indian Ocean (+15 %), mostly resulting from emission changes over Europe and South Asia, respectively. Averaged over the global land area, the combustion source accounts for 38 % of AOD in 1980 and 33 % in 2009, whereas over ocean the corresponding percentages are 31 % and 27 %, respectively. The global average of about 30 % FF+BB fraction in this study is lower than our previous model simulation, which estimated the fraction at more than 40 % ), largely because a much higher biomass burning emission (about 70 % higher) was used in that study. As we have seen in Figs. 6 and 7, our simulations suggest that the biomass burning emission from A2-ACCMIP in the present study may be too low. Remarkably, despite large changes in emissions, the global averaged annual AOD values over land, ocean, and the entire globe only vary within ±0.01 in the years of decadal increments, which is in contrast with regional-scale changes in the source regions over land and continental downwind regions over ocean. This is because opposite trends over different regions cancel each other out in the global average, and there is little change over large open ocean areas. In addition, aerosol distribution is highly inhomogeneous; even on the annual, regional averaged scale the difference can be as large as a factor of 5 between the regions with the highest and lowest aerosol loading. Clearly, using global average values is not sufficient and not even useful for assessing aerosol trends and climate effects; such assessments should be performed at regional scales in a global context. Results in Fig. 15 and our analysis in previous sections also suggest that there are trends and interannual variability of natural aerosols, such as dust and volcanoes. Anthropogenic aerosol forcing is considered as a perturbation of the natural state or "background." However, the background is not constant; it exhibits large spatial and temporal variations, creating challenges for anthropogenic forcing estimation, especially with measurement-based approaches that require detecting perturbation signals as deviations from the natural background, and cannot directly distinguish aerosols from different origins.
Conclusions
We have presented an assessment of atmospheric aerosol sources and regional trends during the last three decades , based on the GOCART model analysis of multi-decadal, multi-platform data. Our analysis is performed over and downwind of major aerosol source regions or remote ocean regions, with land region domains determined mostly by geopolitical boundaries to better connect emission changes with the economic development and environmental policies within the geopolitical regions. The model results of AOD and surface concentration trends or variations have been compared with multiple satellite and ground-based measurements. During the past three decades, large volcanic eruptions of El Chichón in 1982 and Pinatubo in 1991 exerted profound and lasting effects on AOD everywhere on the globe, although they have had little impact on surface aerosol concentrations in places where they are measured. Our analysis concentrates on the years having minimal influence from Pinatubo or El Chichón. Over land regions dominated by pollution aerosols, the 30-year AOD and surface concentration trends are generally consistent with the direction of the regional pollutant emission changes. All observations and the GOCART model show that the largest reductions of AOD and surface concentration have occurred over Europe, with the late 2000s AOD nearly half and surface sulfate concentration less than half of their values in the early 1980s. The US has also exhibited detectable AOD and surface concentration reductions. On the other hand, East Asia and South Asia show AOD increases. Even though these changes are in line with the combustion emission trends within the region, relatively large contributions of natural aerosols (dust, volcanic) in Asia make the total AOD changes less directly connected to pollutant emissions trends compared with Europe. Over the Arctic, the model and long-term surface measurements show a significant decrease of sulfate concentrations since the early 1990s, aligned with the decreasing trends over Europe, as the transport of European pollution was the main source of Arctic surface sulfate. Although long-range transport affects aerosol loading in regions downwind, the model shows that within polluted regions of the US, Europe, East Asia, and South Asia the surface concentrations of sulfate, BC, and OM aerosols are highly correlated with regional emissions, with correlation coefficients above 0.9. The correlation between regional emissions and AOD for a given species is less well correlated because of extra-regional aerosol contributions from long-range transport, especially for carbonaceous aerosols (BC and OM) over the US, presumably due to trans-Pacific transport from Asia, and sulfate over East Asia, seemingly from volcanic sources within and outside the region that usually remain aloft longer than boundary layer aerosols.
Over major dust source regions, model analysis of dust emission and its controlling parameters indicates that the change of dust emissions in the Sahara and Sahel responds mostly to near-surface wind speed changes, but in Central Asia, ground wetness is the primary influence. In the Middle East, both wind and ground wetness play important roles in regulating dust emissions. Although there is significant seasonal and interannual variability of dust distribution, both satellite observations and model simulations show a general , 1980, 1990, 2000, and 2009 , over 15 land regions (pink panels, labeled "L-xx" where xx = 01-15), 12 ocean regions (light blue panels, labeled "O-xx" where xx = 01-12), and land, ocean, and global averages (light yellow panels). Region names listed in Table 1 . Thin red vertical bars inside of the grey bars indicating the AOD from combustion (fossil fuel, biofuel, and biomass burning, or FF+BB) sources, with the number of percentage AOD from FF+BB shown in red color above each corresponding AOD bar.
decreasing trend of dust in the tropical Atlantic during the last three decades, which seems to be most closely related to a reduction of dust emission in North Africa, especially in the Sahel, and an increase of precipitation over the North Atlantic, both likely the result of a North Atlantic Ocean warming trend (SST increase) that drives atmospheric circulation and precipitation changes. The warming North Atlantic sea surface is found to be strongly connected to the decrease of not only the dust AOD in the tropical North Atlantic, but also the reduction of dust surface concentrations across the North Atlantic at Barbados and Miami. Over most ocean areas other than the tropical North Atlantic, aerosol changes are generally much weaker than that over land, although close to the continents they are usually in the same direction as the adjacent land. The AOD changes among different satellite data over remote ocean can be inconsistent, primarily due to the low AOD values within the range of retrieval uncertainty. Globally, the model estimates that aerosols from fossil fuel/biofuel combustion and biomass burning, collectively combustion aerosols that are mostly of anthropogenic origin, contribute about one-third to the mid-visible AOD, with a higher fraction over land than ocean, and higher in the 1980s than the 2000s. This fraction is likely to represent a lower limit, as the model generally underestimates biomass burning aerosols, excludes some anthropogenic aerosols such as nitrate and the secondary organic aerosol from anthropogenic sources, and overestimates dust aerosols.
Despite the significant changes in aerosol sources, concentrations, and AOD over many regions, model-calculated global averaged AOD values show little trends or variations over land and ocean on a global, annual scale, because increases and decreases in different land regions tend to cancel each other in the global average and little changes occur over large open ocean areas. A globally averaged number conceals not only opposing regional changes but also the large spatial inhomogeneity of aerosols. This highlights the need for regional-scale analyses, as global average values are not sufficient for assessing aerosol trends and impacts.
Our results also suggest that natural aerosols, such as dust and volcanic aerosol, play important roles in determining the regional and global aerosol changes even over major pollution source regions. The large spatial and temporal variations of the natural aerosol background impose a challenge to estimating the magnitude of anthropogenic perturbation and quantitatively determining the anthropogenic aerosol forcing, especially for measurement-based approaches that have difficulty distinguishing aerosols originating from anthropogenic or natural sources.
Supplementary material related to this article is available online at http://www.atmos-chem-phys.net/14/ 3657/2014/acp-14-3657-2014-supplement.pdf.
